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Abstract Equatorial plasma bubbles resulting from equatorial spread F are well known to be aligned
along the Earth's geomagnetic fields. During the geomagnetic storm on 17 March 2015, all-sky airglow
observations from Tirunelveli (8.7◦N, 77.8◦E, 1.7◦N dip latitude) showed an apparent interhemispheric
asymmetry in the tilt of the equatorial plasma bubbles. In this work we further investigate this case and
provide a possible explanation for the asymmetry. We suggest that a variation in the altitude of the airglow
layer across the image can cause the observed asymmetry. If the airglow layer is at a higher altitude in the
northern portion of the image, then this would explain the observed asymmetry. This variation in the
airglow layer can be caused by a variation in the height of the ionosphere. We show through modeling and
ionosonde observations that it is likely that there is a variation in the airglow altitude within the field of
view of the images on this night.
1. Introduction
Equatorial spread F (ESF) is a common nighttime occurrence in the low-latitude ionosphere. Although
ESF has been studied for decades, its spatial and temporal variability are not well understood. ESF refers to
nighttime equatorial plasma bubbles (EPBs) and their associated irregularities that result from the Gener-
alized Rayleigh-Taylor Instability. EPBs generated by ESF are a field-aligned process which means that the
large-scale plasma depletions occur all along the magnetic field lines (Farley Jr. 1960; Otsuka et al., 2002).
As a result, the topside of the EPBs over the magnetic equator is mapped along geomagnetic field lines to
the bottomside ionosphere away from the magnetic equator.
There are many different instruments that are used to detect and analyze ESF. Ionosondes can determine
the presence of ESF but are not able to observe its morphology (e.g., Abdu et al., 2000). Coherent backscatter
radars are able to detect the small-scale irregularities associated with EPBs and can determine the altitudinal
and temporal extent of these small-scale irregularities (e.g., Hysell & Burcham, 2002). Observations using
the Global Navigation Satellite System can also show the presence and strength of small- and medium-scale
irregularities at a given location and altitude (e.g., Kelley et al., 1996). All-sky airglow imagers (ASIs) are
able to detect the 2-D longitude-latitude structure of EPBs at a given altitude (Mendillo & Baumgardner,
1982; Weber et al., 1983). At the magnetic equator, images from ASIs show the bottomside structure of EPBs
and away from the magnetic equator they show topside plumes since the flux tubes trace to the topside over
the magnetic equator (e.g., Weber et al., 1978).
Geomagnetic storms are known to have an impact on the formation of EPBs and can either enhance or
suppress their development depending on the local time of occurrence (Martinis et al., 2005; Tulasi Ram
et al., 2008). The St. Patrick's Day geomagnetic storm of 2015 (17 March) is a particularly well studied storm
and the largest one in solar cycle 24. Recently, Sau et al. (2017) presented airglow observations over the
Indian low-latitude sector during the St. Patrick Day's storm of 2015. On 17 March 2015, EPBs were observed
with two ASIs over India. Between 16 and 18 UT on this day, the EPBs show a westward tilt to north of
the magnetic equator, which is fairly typical for these features (Weber et al., 1980). However, at conjugate
latitudes to the south of the magnetic equator, no significant tilt is observed in the EPBs meaning that the
features are asymmetric with respect to the magnetic equator. These observations appear to be inconsistent




• An interhemispheric asymme-
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In this paper, we further analyze the observations reported in Sau et al. (2017) along with ionosonde mea-
surements carried out close to the magnetic equator and at a low-latitude station in the Indian longitude
sector. In addition, we have also utilized outputs from a few models, such as the International Reference
Ionosphere (IRI-2016) (Bilitza et al., 2017), the Naval Research Laboratory Mass Spectrometer Incoherent
Scatter Radar model that extends to the exobase (NRLMSISE-00), and Sami2 is Another Model of the Iono-
sphere (SAMI2) to understand effects of geomagnetic storm on the equatorial electrodynamics. In this work,
we provide an explanation for the asymmetry observed in the tilt of the EPBs in a way that is consistent with
their field-aligned nature by taking into account the possible altitude variations of the airglow emission layer
within the field of view (FoV) covered by an imager. The analysis made here has important implications for
two-dimensional horizontal spatial observations of upper atmospheric parameters in general. For example,
GPS TEC maps are generally retrieved assuming a fixed height of ionospheric pierce points but our results
indicate that there may be significant variation of these altitudes.
2. Instruments and Methods
In this paper, we focus on images obtained from the ASI installed at Tirunelveli (8.7◦N, 77.8◦E, 1.7◦N dip
latitude). This imager contains a filter at 630.0 nm (bandwidth ∼2 nm) that is used to observe emission
from excited atomic oxygen (OI) in the thermosphere. OI 630.0 nm emissions are well suited for observing
the large-scale structure of EPBs. Regions of low plasma density have less emission intensity compared
to regions of high plasma density. Consequently, EPBs are generally observed as dark regions against the
relatively bright background. The 630.0 nm emission comes from a relatively small altitude range about
50 km below the peak of the F region (Abalde et al., 2004; Mendillo & Baumgardner, 1982). The typical
peak altitude of emission is about 250 km. Both this altitude and the intensity of 630.0 nm emission vary
depending on the altitude and density of the background ionosphere and thermosphere. As a result, the peak
height and intensity of emission can vary within the FoV of an ASI and throughout the night. As an example,
at the magnetic equator the height and intensity of emission can change drastically as the ionosphere rises
up early in the night during the prereversal enhancement (PRE) and then moves back down later in the
night (Hickey et al., 2018).
For an accurate analysis of EPBs in OI 630.0 nm images, an altitude of emission must be determined. The
altitude of emission will impact the size and shape of the features within the FoV. To fully determine the
altitude of emission, height profiles of ion density, ion temperature, electron density, electron temperature,
neutral density, and neutral temperature are needed. In most situations none or very few of these profiles
are available. A reasonable estimation of airglow altitude can be calculated using ionospheric profiles from
IRI-2016 (Bilitza et al., 2017) and thermospheric profiles from NRLMSISE-00 (Picone et al., 2002). For ease
of image analysis a constant airglow altitude is often assumed for the entire image (e.g., Martinis et al.,
2003), as was done in Sau et al. (2017). However, the aiglow images of thermospheric emissions cover a large
area over 1.2 × 106 km2 at 250 km. The assumption that the altitude of the emission layer is constant is not
always valid, especially near the magnetic equator and the crests of equatorial ionization anomaly since the
height of the ionosphere in these regions can vary significantly throughout the FoV of the imager (Rama Rao
et al., 2006).
Variations in the height of the ionosphere result in a variation in the height of the airglow layer and can
have a few effects on the analysis of the image. Changing the height of the assumed airglow emission for a
given image will change the size and extent of the features within the image (Abalde et al., 2004). If a 630.0
nm image is unwrapped at an altitude higher than the typically assumed 250 km, then the features, such as
EPBs, will be wider and the images will extend over a larger range of magnetic latitudes as well. If a lower
altitude is used, then the EPB features will be thinner and will cover a smaller range of magnetic latitudes.
The height of the airglow layer will also impact which magnetic field lines cross through the image and thus
the magnetic apex altitudes they reach.
In this paper we use both model-based calculations and observations to have a better estimate of the airglow
altitude in comparison to the assumed altitude of 250 km that was used in Sau et al. (2017). A reason-
able estimation of airglow altitude can be calculated using ionospheric profiles from IRI-2016 (Bilitza et al.,
2017) and thermospheric profiles from NRLMSISE-00 (Picone et al., 2002). We have calculated the volume
emission rate (VER) of 630 nm emission with the help of the VER equation described in Colerico et al. (2006),
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Figure 1. An airglow image at 630.0 nm from Tirunveli on 17 March 2015
at 17:06 UT. It has been unwrapped at an altitude of 250 km.
Sau et al. (2018), and Sobral et al. (1993). The VER is calculated using alti-
tude profiles of electron density, electron temperature, ion temperature,
O2 density, N2 density, O density, and neutral temperature. The chemical
reactions that produce 630.0 nm emission are used to do the calculation.
The altitude where the VER of 630 nm emission attains maximum is
considered as the peak airglow emission altitude. The peak airglow emis-
sion altitude is calculated based on the method described in the previous
works cited here. The electron density profile, electron, and ion tempera-
ture are taken from IRI-2016, while densities of the neutral thermospheric
constituents and neutral temperature are taken from NRLMSISE-00 as
inputs into the airglow calculation. The constant values and equations
for the reaction rate coefficients used in the calculation are taken from
Sobral et al. (1993).
The asymmetry of EPB tilts between the conjugate points observed by
Sau et al. (2017) is shown in Figure 1. Note that the asymmetry in the
tilt of the EPBs is observed in the approximately north-south direction
since the magnetic declination is small in the Indian sector. In order to
examine whether any airglow layer altitude variation could have caused
the asymmetry, we calculate the altitude of the airglow layer at different
latitudes. Since the time when asymmetry occurred is ∼3 hr after sunset,
we assume that there is minimal variation in the altitude of airglow layer over the relatively thin longitudinal
width of the EPBs. To further investigate variations in airglow altitudes, SAMI2 is utilized in this work (Huba
et al., 2000). SAMI2 is a 2-D (in altitude and latitude coordinates), low-latitude model of the ionosphere.
Finally, we use observations from two identical Canadian Advanced Digital Ionosonde (CADI) to better
determine the height of the ionosphere over Southern India during the geomagnetic storm of 17 March 2015.
One CADI is colocated with the imager at Tirunelveli, and the other one is situated at a low-latitude station
at Hyderabad (17.4◦N lat, 78.5◦E lon, 11.7◦N dip latitude). The CADI at Hyderabad is located just outside
the FoV of the ASI, and it is approximately 960 km north of Tirunelveli. On 17 March 2015, ionograms
were obtained at a cadence of 10 min both at Tirunelveli and Hyderabad. Technical details of the CADIs in
operation in the Indian region are briefly discussed in Narayanan et al. (2014).
3. Hypothesis for Observed Asymmetry
Sau et al. (2017) showed that there is a clear north-south asymmetry in the tilt of the plasma bubbles observed
on 17 March 2015. The depletions to the north of the magnetic equator are tilted to the west, and at the same
time the depletions to the south show no tilt. We propose that a variation in the altitude of the airglow layer
across the FoV of the imager can lead to this apparent asymmetry.
As discussed earlier, an altitude of 250 km is often assumed to be the peak altitude of the 630.0 nm emission
for the whole duration of the night. When 250 km is not assumed, then the typical process is to calculate the
emission profile using empirical models and then use the peak of the emission as the altitude for analysis.
This altitude is assumed to be constant throughout the FoV of the imager. Multiple measurements of iono-
spheric density profiles at different locations within the FoV of the imager would be required to determine
the variation of emission altitude throughout the FoV. Since such measurements are not available, we use
empirical and physics-based models to investigate this variation.
IRI-2016 and NRLMSISE-00 are initially used to calculate the peak altitude of 630.0 nm emission at the
location of the imager. These models are run throughout the night for the same date as the images, 17
March 2015, and use the same geomagnetic and solar conditions from this day. At the center of the image
at 16:48 UT (22:18 IST), the calculated peak emission altitude is 258 km. This time corresponds to when
the tilt of the EPBs started increasing in the northern half of the images. The obtained peak emission altitude
is close to the assumed 250 km used in Figure 1 and Sau et al. (2017). The two empirical models are then
used to calculate the airglow altitude throughout the night. Figure 2 shows the change in the 630.0 nm
airglow altitude throughout the night. This figure shows that at the location of this ASI, using IRI-2016
and NRLMSISE-00, the airglow emission altitude varies by 35 km throughout the night. This shows that
a significant variation in the altitude occurs throughout the night and indicates that using 250 km for the
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Figure 2. Peak emission altitude of 630.0 nm emission throughout the night on 17 March 2015. The inputs for this
calculation are from IRI-2016 and NRLMSISE-00.
whole night is not the best approach. A variation in altitude of 35 km can change the size of the features in
the image by around 12.5%. The variation at this site is mostly due to the rising of the ionosphere early in
the night as a result of the PRE and then moving back down after the end of the PRE.
In addition to calculating the airglow altitude at the center of the image with these empirical models, we
also calculate the airglow altitude as a function of latitude on a constant longitude through the center of the
image. The altitude was calculated from a latitude range of 4◦N to 14◦N. The airglow altitude only varied by
about 3 km throughout the image when the calculation is done using IRI-2016 and NRLMSISE-00. Although
the airglow calculation using empirical models does not show significant variation of airglow altitude in
the region of the image, we do not expect these models to reproduce results for a given day since they are
climatological. Since IRI-2016 is empirical, it is not expected to reproduce the ionospheric variability on
scales of hundreds of kilometers during a strong geomagnetic storm. Additionally, NRLMSISE-00 is not able
to reproduce small-scale variations less than 15◦ (Hedin et al., 1977; Picone et al., 2002). These empirical
models are expected to better capture the temporal variation shown in Figure 2 compared to the small-scale
spatial variation. This means that even though the empirical models do not show a significant variation in
airglow altitude with latitude, this is not necessarily indicative of reality. To better understand the variation
in the airglow altitude, SAMI2 is used for a simple analysis.
SAMI2 is a physics-based model of the ionosphere that is run using empirical models of the neutral atmo-
sphere and winds as inputs. Using a physics-based model allows us to investigate how the ionosphere varies
on smaller scales than can be done with an empirical model of the ionosphere. SAMI2 is used here to do a
simple analysis to explore what sources have the ability to impact airglow altitude rather than to find the
absolute airglow altitude on the night of observation. We use a grid of 200 × 201, the number of grid points
transverse to and along the magnetic field, and have the height span from 90 to 2,000 km. This results in
the model covering from 18◦S to 35◦N in latitude at the longitude of the ASI. We input the date and run the
model for 48 hr. The first 24 hr is disregarded to allow the model to stabilize. We are also able to change
the geomagnetic conditions of the model by changing ap index value. First, we run the model with ap = 0
for quiet conditions. Then we run the model for ap = 180 to represent the geomagnetic activity that was
occurring on 17 March 2015. We then use the outputs to calculate the airglow altitude as a function of lati-
tude. Figure 3 shows the latitudinal variation of the airglow height during quiet time conditions (blue) and
geomagnetically active conditions (orange) on 17 March 2015 at 18:14 UT. Even during quiet time there is
a variation in altitude of the peak emission over 10◦ of latitude. From this we see that the variation between
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Figure 3. Peak emission altitude of 630.0 nm at 18:14 UT on 17 March 2015
at latitudes across the image. These altitudes were computed using outputs
from SAMI2. The two lines show the emission altitude for two different
geomagnetic conditions. The blue line shows the results with ap = 0 and
the orange line with ap = 180.
4◦N and 14◦N latitudes increases from ∼15 km during quiet times to ∼25
km during disturbed time. This is very different from the results obtained
from the calculation using IRI-2016 and NRLMSISE-00. An analysis of
the wind output of the model indicates that the increased altitude varia-
tion during geomagnetically active times is due to an increased southward
meridional wind. This wind will drag the plasma, causing it to move
upward in regions north of the magnetic equator. The SAMI2 results indi-
cate that it is reasonable to expect a variation of airglow altitude over 10◦
of latitude in this region of India and that during a geomagnetic storm,
mainly due to disturbance winds, this variation can be increased.
Next we analyze the image shown in Figure 1 to see how a variation in
airglow altitude affects the interpretation of the images. We use this one
image from 17:06 UT for all of the analysis here. Generally, ASI images
are assumed to be at the same altitude throughout the FoV. Under this
assumption, EPBs that are flux tube aligned will be mapped along the
field lines to both the hemispheres and should appear like mirror images
with the magnetic equator as the reflection point. If the airglow layer
is not at the same altitude throughout the image, then this will cause variations in how the EPB features
are observed in the conjugate locations. As we have already discussed, the observed shape of EPBs will be
impacted by the actual airglow layer altitudes. The airglow images show how a cross section of the depletions
appears at the altitude of the airglow layer. The magnetic field lines are curved such that a slice through the
depletion at 250 km will be different from one through the depletion at 300 km. Figure 1 shows the image
at a constant altitude of 250 km throughout the entire FoV. To investigate how different airglow altitudes
will affect the asymmetry of the EPBs, the data from this time are first unwrapped at additional altitudes of
275 and 300 km. The background ionospheric and thermospheric measurements do not exist between the
center of the image and the edges of the image for us to calculate accurate airglow altitudes for the rest of
the image. These images at multiple airglow altitudes are used to see how a variation in altitude throughout
the image can affect the asymmetry observed in the EPB structure.
The data at 17:06 UT used in Figure 1 are split into two parts to create an image that has a different airglow
altitude in the northern part of the image than in the southern part. In order to determine how the altitude
affects the asymmetry, we take the northern portion of the image and determine the location of every pixel
in that part of the image. In the first part of the analysis we define the northern part of the image to be
everything above 7.7◦N, which is approximately the location of the magnetic equator. After that, we split the
image at 9.6◦N, about where the EPB begins tilting to the west. We then calculate the magnetic conjugate
location of each pixel. A new image is then created with each pixel now placed at its conjugate location. This
analysis is done using apexpy (van der Meeren et al., 2018), a Python wrapper for the Apex fortran library
from Emmert et al. (2010), that converts between different magnetic coordinates described in Richmond
(1995). The images at Tirunelveli include regions from both north and south of the magnetic equator. If the
airglow layer is at the same altitude throughout the image, then a projection of a portion of the image along
the magnetic field lines to the opposite hemisphere should produce the same size, shape, and position of the
ESF depletions in both the hemispheres. Instead, an asymmetry is observed in the images on 17 March 2015
and that leads us to the hypothesis that the airglow layer is not at the same altitude throughout the FoV.
The first analysis done using this conjugate projection shows how the southern half of the 17:06 UT image
should look as a field line mapping of the northern half. The northern half of the image that is used for the
projection is everything above 7.7◦N geographic latitude. Figure 4 shows this analysis where the top half of
the image is at 300 km and then every point is traced along the magnetic field lines and projected in the
Southern Hemisphere at 300 km as well. There is a gap between the two parts because the magnetic equator
does not exactly follow the line of geographic latitude that was used to split the image. This figure shows
what the bottom half of the image should look like if the entire region had the same airglow altitude. The
southern half of Figure 4 is quite different compared to the southern half of Figure 1.
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Figure 4. An image from the Tirunelveli ASI on 17 March 2015 at 17:06
UT, the same time as Figure 1. Only the northern portion of the image is
shown here, unwrapped at an altitude of 300 km. The northern portion is
then traced along magnetic field lines and projected into the Southern
Hemisphere.
The next step in this analysis is to determine how a variation in altitude
affects the projection. Again, the data at 17:06 UT are split into a north-
ern portion and a southern portion along 7◦N geographic latitude. The
top half of the image is unwrapped at an altitude of 300 km, and the bot-
tom half of the image is unwrapped at an altitude of 250 km. In reality
there would be a continuous transition between the two altitudes but this
approach is used for simplicity to illustrate the point, even though it cre-
ates a discontinuity between the two portions. The image is split using the
same latitude at each altitude. Since it is the latitude that is used and not
a constant angle from zenith, there is a small region of overlap at the split
location. This results in data at 250 km being covered by data at 300 km.
This region is only about 0.2◦ of latitude and does not impact our results.
Additionally, every pixel in the top half of the image is traced along mag-
netic field lines and projected in the Southern Hemisphere at an altitude
of 250 km. This tracing is done from 300 to 250 km in contrast to the trac-
ing from 300 to 300 km that was done in Figure 4. Figure 5 shows all three
parts, the northern portion of the image unwrapped at 300 km, the south-
ern portion of the image unwrapped at 250 km, and the field line traced
projection in the southern magnetic hemisphere. When the northern half
of the image is traced from 300 to 250 km in the Southern Hemisphere,
the projection ends up outside the FoV of imager. This is because the
higher altitude of the airglow layer would intersect a different part of
the ESF depletion, a part that corresponds to a higher apex altitude. From
this analysis we can conclude that if the northern portion of the image
is at a higher altitude than the southern portion of the image, an asym-
metry in the image can be observed because the conjugate location of the
northern portion is outside the FoV of the imager.
There has not been much work on the variation of ionosphere altitude
within an area covered by the FoV of the imager, about 1.2×106 km2. Most
instruments that can measure the height of the ionosphere are located
farther apart than the distance covered in the images. As a result, it is not
obvious what sort of ionospheric altitude change is to be expected within this region, especially during storm
time conditions. A difference of 50 km between the northern and the southern portions of images may be
a relatively large change within a horizontal distance of about 1,200 km. We do a similar analysis applying
a difference of 25 km in emission heights to the northern and southern portions of the observed images to
see if similar results are obtained with a smaller altitude variation. This altitude variation is similar to the
variation shown in the SAMI2 outputs in Figure 3. In Figure 6, the northern portion is unwrapped at 275
km and the southern portion is unwrapped at 250 km. For this mapping, the image is split at 9.7◦N, the
approximate location where the EPB is no longer N-S aligned and is tilting to the west. As with Figure 5, the
split is at a constant latitude and not a constant zenith angle. Since this split is north of zenith, a small region
of 0.1◦ of latitude is duplicated, rather than obfuscated. This does not impact our results. The projection of
the northern portion of the image to the Southern Hemisphere is no longer completely outside the FoV of
the imager; it overlaps with a small region. From Figure 1 we can see that the EPBs in the overlapped region
are are still north-south aligned like those near the center of the FoV. The projected portion of the image
lines up well with the southern portion of the image. Figure 6 shows that even a variation of 25 km across
the FoV of the image is enough to explain the hemispheric asymmetry, and if there is a variation of 50 km,
the asymmetry would be even more pronounced.
4. Experimental Evidence for the Proposed Hypothesis
In the previous section we showed that it is reasonable to expect some variation in airglow altitude through-
out the night and at different latitudes on the night of observation. In this section we discuss evidence for
variation in airglow altitude with latitude and discuss the impact this variation has on the images.
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Figure 5. An image from the Tirunelveli ASI on 17 March 2015 at 17:06 UT, the same time as Figure 1. Instead of
being unwrapped at a constant altitude, like in Figure 1, the northern portion of the image is unwrapped at 300 km and
the southern portion of the image is unwrapped at 250 km. Additionally, the northern portion of the image is traced
along magnetic field lines and is projected into the Southern Hemisphere at 250 km.
As mentioned before, we use measurements made by two ionosondes over Tirunelveli and Hyderabad to
investigate ionospheric height variations in the Indian sector on the night of observation. We focus on the
virtual heights of reflections with the aim of studying the bottomside height variation. However, over Hyder-
abad, the F region traces were scarcely present between 14:10 and 17:50 UT. The lack of F region traces
over Hyderabad is also noted in Ramsingh et al. (2015). It may be noted that this time coincides with the
time of observation of asymmetry in EPBs seen in airglow images. We believe that the lack of traces might
be due to some geophysical process associated with storm time ionospheric electrodynamics. Investigating
the cause of poor back reflections in this period is not in the scope of the current work. Nevertheless, in this
duration, there were some ionograms with reflections around 7 MHz at 15:20, 16:00, 16:10, and 16:30 UT
at Hyderabad. Over Tirunelveli, ionogram traces were present during the whole duration. Since traces over
Hyderabad were available only between 6 and 8 MHz frequencies, we investigate possible height variation
trends in the ionosphere during the time of observation of asymmetric EPBs using 7 MHz reflection heights
over both locations.
In Figure 7, we show the virtual heights of the 7 MHz reflection measured by the ionosondes at Tirunelveli
and Hyderabad between 10 and 22 UT on 17 March 2015. The dots and squares show the measured vir-
tual heights, and the lines are spline interpolations through the data. The virtual height is not the actual
height from where the reflection occurs. As the signal passes through the ionosphere, there is a change
in the group velocity as it passes through changing electron densities. This means that the virtual height
is slightly higher than the actual height. This difference does not impact the interpretation of the results.
While there is data gap over Hyderabad as mentioned before, the spline interpolation appears to capture
the variations reasonably, though it may not be entirely accurate. The alternate crests and troughs in the
data points over Hyderabad indicate probable signatures of a large-scale traveling ionospheric disturbance
(LSTID) that might have been generated by the geomagnetic disturbance. LSTIDs are the ionospheric sig-
natures of atmospheric gravity waves with horizontal wavelengths greater than a few 100 km propagating
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Figure 6. The same as Figure 5 except that the northern portion of the image is unwrapped at 275 km.
in the thermosphere. Large horizontal scale sizes correspond to time periods of a few hours. Quite often,
such LSTIDs are generated in the high-latitude regions as a result of geomagnetic disturbances (Hunsucker,
1982; Oyama & Watkins, 2012). Once generated, they typically move toward the equatorial latitudes and
at times reveal transhemispheric propagation as well (Ding et al., 2008). Observation of alternating crests
and troughs is a typical indication of the existence of wave signatures like TIDs. It may be noted that the
Figure 7. Virtual heights of the 7 MHz reflection point from ionosondes in
Tirunelveli and Hyderabad. The lines between the points are spline
interpolations. The gray shaded region from 16:00 to 18:00 UT is the time
when hemispheric asymmetry is observed in the images.
continuity of the TID in this case is captured in the spline interpolation
between regions where data are present and in the regions where data
points are scarce. Therefore, it can be used to infer the overall trend in
the data. The period of the TID appears to be between 2 and 3 hr from
Figure 7. Earlier, Ramsingh et al. (2015) observed TID signatures with
quasi 2 hr periodicity in the later part of the night. This further strength-
ens our confidence in the results of the spline interpolation in this case,
which appear to capture the signature of the TID features for a longer
duration than was identified in the earlier work. TIDs may be the rea-
son for the variation of the ionospheric altitude that is responsible for the
airglow altitude variation. Geomagnetic storms can produce both distur-
bance winds and TIDs, both of which are possible explanations for the
ionospheric variation.
At Tirunelveli the ionosphere seems to be moving in the typical manner.
After 12:00 UT the virtual height increases as a result of the PRE. There
are no other major features visible in the behavior of the 7 MHZ virtual
height at Tirunelveli. In contrast, the 7 MHz virtual height at Hyderabad
is more complex. Starting around 08:00 UT, the virtual height at 7 MHz
oscillates up and down for about 13 hr, likely due to TIDs generated from
the ongoing magnetic storm. While the study of the TIDs is not the aim
of this work, we would like to point to the importance of the TIDs that
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Figure 8. Intensity of airglow emission at various latitudes throughout the
night from the Tirunelveli ASI. The different colored lines show different
geographic (and geomagnetic) latitudes. The intensity profile is the mean
extracted over a width of 21 km in the north-south direction centered on
the chosen dip latitude and are from ±400 km in the east-west direction.
are revealed clearly in Hyderabad data. The lack of oscillations at
Tirunelveli may be due to the following factors. Being very close to the dip
equator, the magnetic field lines are almost horizontal over Tirunelveli.
As already mentioned, the TIDs are an ionospheric manifestation of grav-
ity waves propagating in the neutral thermosphere. At F region heights,
the neutral collisions can move the plasma mainly along the geomagnetic
field lines and hence a tilted field line is more favorable for gravity wave
associated perturbation to move the plasma up and down. Therefore, over
Hyderabad where the magnetic inclination is 23.2◦, the waves are more
likely to be visible in the ionosphere compared to Tirunelveli where the
inclination is only 3.3◦. We are not able to determine what latitude these
potential TIDs extend to, and they may be responsible for the variation
in airglow altitude. Another reason for lack of prominent TID signatures
over Tirunelveli is that the equatorial ionosphere responds to the zonal
electric field fluctuations significantly. For example, it may be seen from
Figure 7 that between 12 and 14 UT, the ionospheric height variation is
dominated by a strong eastward electric field.
The gray shaded region shows the time when the hemispheric asymme-
try in the airglow depletions is observed. During this time, data are mostly
unavailable at Hyderabad but there are three data points where the reflec-
tion point at Hyderabad is higher than that at Tirunelveli. Additionally,
data show that before the observation of hemispheric asymmetry, the
ionosphere at Hyderabad started rising up. It is worth noting that the
asymmetry is not observed for EPBs recorded after 18:00 UT. The higher altitude of reflection at Hyderabad
supports the proposal that airglow altitude is higher in the northern half of the image. If the ionosphere is
at higher altitude, then the airglow layer will also be at higher altitude. At the same time, a reduction in
intensity will be expected if the thermospheric densities do not vary concurrently.
With the help of mean intensities in different latitudinal regions of the airglow images, we can check
whether any relative reduction in intensity is noticed in the northern portions of images compared to the
dip equatorial and Southern Hemispheric regions. Figure 8 shows the mean intensities extracted from the
airglow images from 4.9◦N, 7.3◦N, 9.8◦N, and 12.3◦N latitude regions. These latitudes are selected because
they correspond to 3◦S, 0◦, 3◦N, and 6◦N dip latitudes in the longitude of Tirunelveli. To construct this plot,
first, we have selected individual east-west (EW) intensity profiles of 21 km width centered at a particu-
lar geographic latitude within zonal distance of ± 400 km from the longitude of Tirunelveli. All the pixel
intensities within this cross section are averaged to obtain the mean intensity for the chosen latitude at a
particular time. Though EPBs were present within most of the images on 17 March 2015, being linear fea-
tures with similar width, their contribution to mean intensities should approximately be equal in all the four
cross sections. Therefore, the mean intensities represent respective background OI 630 nm intensities at the
corresponding latitudes. It can be clearly observed from Figure 8 that background intensities were compa-
rable at all the latitudes before 16 UT and after 18:30 UT. Between 16 and 18:30 UT, intensity was lowest
at 12.3◦N latitude, while it was highest at 4.9◦N latitude. It is interesting to observe from Figure 7 that the
virtual height at 7 MHz over Tirunelveli and Hyderabad was comparable at 16:00 and 18:30 UT. In between
16 and 18:30 UT, virtual height at Hyderabad was higher than that at Tirunelveli. Therefore, the airglow
emission intensity variation appears to be consistent with the higher ionospheric altitudes observed over
Hyderabad relative to Tirunelveli. Thus, credible evidence is shown for a possible increase in the airglow
altitude from the equatorial region to the northern latitudes around the time of observation of asymmetry
in EPB features. This airglow altitude variation can explain the observed EPB asymmetry since a constant
airglow layer altitude was assumed during image analysis in Sau et al. (2017).
5. Conclusions
Sau et al. (2017) showed an unusual observation where an asymmetry in the tilt of airglow depletions associ-
ated with ESF was observed. In this paper we show that this asymmetry does not contradict the field-aligned
nature of ESF and can be explained by a nonuniform airglow layer altitude within the FoV of the imager.
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SAMI2 is used to show that a variation in the airglow altitude with latitude within the FoV of the imager
is possible during a geomagnetic storm. Analysis using various airglow altitudes and then tracing portions
of the image along magnetic field lines and projecting them into the opposite hemisphere shows that this
variation in airglow altitude can account for this asymmetry. Measurements from the ionosondes at Hyder-
abad and Tirunelveli indicate that the ionospheric altitudes over Hyderabad are higher by more than 50 km
than Tirunelveli which provides evidence for a higher airglow altitude north of the dip equator. Airglow
intensities extracted from different portions of images also support the possibility of an increasing altitude
to the north of the magnetic equator. This variation in ionospheric altitude may be due to meridional winds
associated with the geomagnetic storm or may be due to the presence of LSTIDS, whose presence can be
inferred from Hyderabad measurements as well. From all these consistent results, we believe that a vari-
ation in the airglow altitude can explain the hemispheric asymmetry and the modeling and observational
evidence indicates that a variation in the airglow altitude is likely occurring on this night.
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